
232  Am J Epidemiol   2004;159:232–241

American Journal of Epidemiology
Copyright  © 2004 by the Johns Hopkins Bloomberg School of Public Health
All rights reserved

Vol. 159, No. 3
Printed in U.S.A.

DOI: 10.1093/aje/kwh036

Fraction of Cases of Acquired Immunodeficiency Syndrome Prevented by the 
Interactions of Identified Restriction Gene Variants

M. J. Silverberg1, M. W. Smith2, J. S. Chmiel3, R. Detels4, J. B. Margolick5, C. R. Rinaldo6, S. J. 
O’Brien7, and A. Muñoz1

1 Department of Epidemiology, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD. 
2 Basic Research Program, Science Applications International Corporation, Frederick, MD. 
3 Department of Preventive Medicine, Feinberg School of Medicine, Northwestern University, Chicago, IL. 
4 Department of Epidemiology, School of Public Health, University of California, Los Angeles, Los Angeles, CA. 
5 Department of Molecular Microbiology and Immunology, Bloomberg School of Public Health, Johns Hopkins University, 
Baltimore, MD. 
6 Department of Infectious Diseases and Microbiology, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, 
PA. 
7 Laboratory of Genomic Diversity, National Cancer Institute–Frederick, Frederick, MD.

Received for publication January 22, 2003; accepted for publication July 31, 2003.

Previous research has demonstrated isolated effects of host genetic factors on the progression of human
immunodeficiency virus type 1 (HIV-1) infection. In this paper, the authors present a novel use of multivariable
methods for estimating the prevented fraction of acquired immunodeficiency syndrome (AIDS) cases attributable
to six restriction genes after accounting for their epidemiologic interactions. The methods presented will never
yield a prevented fraction above 1. The study population consisted of a well-characterized cohort of 525 US men
with HIV-1 seroconversion documented during follow-up (1984–1996). On the basis of a regression tree
approach using a Cox proportional hazards model for times to clinical AIDS, the combinations of genes
associated with the greatest protection, relative to the lack of a protective genotype, consisted of: 1) C-C
chemokine receptor 5 (CCR5)-∆32 and C-C chemokine receptor 2 (CCR2)-64I (relative hazard = 0.44);
2) interleukin 10 (IL10)-+/+ in combination with CCR5-∆32 or CCR2-64I (relative hazard = 0.45); and 3) IL10-+/+
in combination with stromal-derived factor (SDF1)-3 ′A and CCR5 promoter P1/~P1 (relative hazard = 0.37).
Overall, 30% of potential AIDS cases were prevented by the observed combinations of restriction genes (95%
confidence interval: 7, 47). However, the combined effect was confined to the first 4 years following HIV-1
seroconversion. Additional research is needed to identify AIDS restriction genes with stronger and long-lasting
protection to better characterize the genetic epidemiology of HIV-1.

acquired immunodeficiency syndrome; chemokines; cytokines; epidemiologic methods; HIV-1; HLA antigens; 
receptors, chemokine

Abbreviations: AIDS, acquired immunodeficiency syndrome; CCR2, C-C chemokine receptor 2; CCR5, C-C chemokine receptor 
5; CCR5P, C-C chemokine receptor 5 promoter; CI, confidence interval; HIV-1, human immunodeficiency virus type 1; HLA, 
human leukocyte antigen; IL10, interleukin 10; MACS, Multicenter AIDS Cohort Study; PF, prevented fraction; RH, relative 
hazard; SDF1, stromal-derived factor.

Prior to the introduction of highly active antiretroviral
therapy in 1996, substantial variability in rates of progres-
sion to acquired immunodeficiency syndrome (AIDS)
among persons infected with human immunodeficiency

virus type 1 (HIV-1) was well documented (1). It was recog-
nized that some persons progressed to AIDS rapidly and
others progressed slowly (2–4). These observations, plus the
well-known fact that genetic variants influence infectious
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disease outcomes in animals (5–7), prompted a search for
AIDS restriction genes that predicted both the likelihood of
HIV-1 infection and the progression of disease once a person
was infected.

Initial studies examining the influence of AIDS restriction
genes on the progression of AIDS focused on the isolated
effect of polymorphisms for the primary coreceptors,
chemokines, cytokines, and human leukocyte antigen
(HLA). A mutation of the C-C chemokine receptor 5 (CCR5)
allele (CCR5-∆32) was identified that essentially prevented
infection among persons who were homozygous for the
mutation (8–11) and delayed progression among those who
were heterozygous for it (8, 11). Other effects found
included: delayed progression among persons carrying a
mutation in the C-C chemokine receptor 2 (CCR2) allele
(CCR2-64I) (12); rapid progression among persons who
were homozygous for the P1 haplotype of the CCR5
promoter (CCR5P) allele (CCR5P1/P1) (13, 14); delayed
progression among persons with a mutation for stromal-
derived factor (SDF1) (SDF1 3′A/3′A) (15); rapid progres-
sion among persons who had homozygous alleles at one,
two, or three HLA class I loci (16); and rapid progression
among persons with a polymorphism for interleukin 10
(IL10) (IL10 +/5′A or 5′A/5′A) (17).

However, the prognosis of HIV-1-infected persons is
likely to involve interactions of several host genes, virus
genes, and other nongenetic influences. In general, genetic
studies have examined the effects of AIDS restriction genes
separately, although a few studies (13, 15, 17, 18) have
considered the interaction of two or three genes at a time.
The goal of this study was to examine the overall influence
of described AIDS restriction genes on progression to AIDS
among participants in the Multicenter AIDS Cohort Study
(MACS) who had HIV-1 seroconversion documented during
follow-up. Our approach to this question was based on
regression trees, which are directly suitable for incorporating
interactions among many variables. To obtain a single
overall measure of the influence of genetic factors, we esti-
mated the prevented fraction of AIDS cases, defined as the
proportion of potential AIDS cases prevented by AIDS
restriction genes relative to a population without a protective
genotype.

MATERIALS AND METHODS

Study population, outcomes, and exposures

The MACS is an ongoing prospective cohort study of the
natural history of HIV-1 infection among homosexual and
bisexual men who are followed up every 6 months. A
detailed description of the study has been published previ-
ously (19). Briefly, from 1984 to 1985 and from 1987 to
1991, a total of 2,195 HIV-1-seropositive and 3,427 HIV-1-
seronegative men were enrolled in the MACS in four US
metropolitan areas: Baltimore, Maryland; Pittsburgh, Penn-
sylvania; Chicago, Illinois; and Los Angeles, California.
During the physical examination performed at each 6-month
follow-up visit, blood samples are taken and stored at both
the local sites and a national repository. We used these
samples for routine HIV-1 testing by means of both enzyme-

linked immunosorbent assay and Western blot assay and for
assessment of the AIDS restriction genes. Since our primary
aim was to assess the effect of AIDS restriction genes on
HIV-1 disease progression in the natural history setting (i.e.,
in the absence of effective treatments prior to 1996), the
study population for this analysis consisted of 525 initially
HIV-1-seronegative men who seroconverted between June
1984 and July 1995 and who were followed until the diag-
nosis of AIDS, death, loss to follow-up, or December 31,
1995, the end of study follow-up.

The primary outcome of interest was time from HIV-1
seroconversion to the development of an AIDS-defining
illness, based on category C clinical conditions listed in the
Centers for Disease Control and Prevention’s 1993 case defi-
nition (i.e., the immunologic criterion of a CD4-positive cell
count less than 200 cells per µl was not included in our case
definition) (20). Continuous surveillance data were available
for each MACS participant with respect to the development
of clinically defined AIDS, death, or loss to follow-up.

The exposures of interest were AIDS restriction genes
known to influence the development of AIDS, based on the
seminal genetic studies published prior to calendar year
2002. For each of the 525 seroconverters, we determined
genetic status regarding CCR5 (wild-type +/+ and +/∆32,
since ∆32/∆32 protects against HIV-1 infection), CCR2
(+/+, +/64I, and 64I/64I), CCR5P (P1/P1, P1/~P1, and
~P1/~P1, where ~P1 represents P2, P3, or P4), SDF1 (+/+,
+/3′A, and 3′A/3′A), IL10 (5′A/5′A, +/5′A, and +/+), and HLA
homozygosity (number among the HLA-A, B, and C loci
with identical (i.e., homozygous) alleles: 2 or 3, 1, or 0).
Human genomic DNA was extracted from Epstein-Barr
virus-immortalized B cell lines, and stored blood specimens
and specific segments were amplified by polymerase chain
reaction for the determination of genotypes as previously
described (8, 12, 13, 15–17). For HLA (16), a panel of
primers specific for the HLA-A, B, and C loci was used to
identify homozygous alleles. Even though, in principle, the
HLA A, B, and C loci are separate loci, we used here the
combination put forward by Carrington et al. (16), and here-
after we refer to six AIDS restriction genes: CCR5, CCR2,
CCR5P, SDF1, IL10, and HLA.

The study protocols were reviewed and approved by the
institutional review boards of the study sites. All participants
provided written informed consent.

Statistical methods

The outcome for this analysis was time to AIDS from
HIV-1 seroconversion. Since participants in the MACS are
followed at 6-month intervals, exact dates of seroconversion
were unknown. Furthermore, there were persons who missed
semiannual visits between their last negative and first posi-
tive tests. To be in consonance with the demonstrated down-
ward trend of HIV-1 incidence over time (21), we assigned a
seroconversion date for these persons at one third of the time
between the last HIV-1-seronegative study visit and the first
HIV-1-seropositive study visit (22). To appropriately incor-
porate in the analysis those subjects with long times to the
first positive visit, we used the time from the assigned sero-
conversion date to the first HIV-1-seropositive visit as the
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time of entry into the observed risk sets (i.e., staggered/late
entries) (23). Censored observations (i.e., AIDS-free at the
last time seen) resulted from losses to follow-up, deaths
unrelated to HIV-1, and freedom from AIDS at the date of
analysis, which was preset as December 31, 1995 (i.e.,
before the introduction of highly active antiretroviral
therapy).

To quantify the protective effect of each of the AIDS
restriction genes, we first computed univariate relative
hazards using Cox proportional hazards models (24).
Persons with the genotype associated with the highest
susceptibility to AIDS on the basis of previous reports (8,
11–17) were selected as the reference group. The multivari-
able analysis consisted of the construction of a regression
tree in two stages to incorporate the known relations of the
AIDS restriction genes.

The first stage of the regression tree incorporated only
CCR2, CCR5P, and CCR5, which are structurally related
and constitute the CCR2.CCR5P.CCR5 superlocus (13, 25).
These were the first AIDS restriction genes to be described,
and their joint effects have been replicated in the literature
(13, 14). Therefore, the first split of the regression tree was
defined by the CCR2.CCR5P.CCR5 superlocus, which has
four haplotypes (i.e., [+.P1.+], [+.P1.∆32], [64I.P1.+], and
[+.~P1.+]) corresponding to nine potential genotypes for
HIV-1-infected persons (those with CCR5-∆32/∆32 are
protected against HIV-1 infection). A full Cox regression
model yielded the relative hazards for all genotypes relative
to those associated with the most susceptibility to AIDS:
[+.P1.+]/[+.P1.+]. To combine genotypes associated with
similar risks of AIDS, we used a recursive amalgamation
algorithm (26, 27) whereby two categories were joined if
they yielded the lowest deviance (i.e., goodness-of-fit likeli-
hood ratio statistic relative to the model with the two catego-
ries separated) among persons with deviances below 1.32,
which corresponds to the 75th percentile of the chi-squared
test with 1 df.

For each resulting node of the superlocus, the second stage
of the regression tree analysis consisted of identifying subse-
quent branches of the tree defined by the three remaining
AIDS restriction genes (i.e., SDF1, IL10, and HLA homozy-
gosity) using standard binary recursive partitioning method-
ology (26–30). Specifically, for the three genotypes (x1, x2,
x3) of each AIDS restriction gene (e.g., for SDF1, x1 = 3′A/
3′A, x2 = +/3′A, and x3 = +/+), we fitted two Cox regression
models to identify the nature of the association as dominant
(i.e., including as a covariate an indicator for x1 or x2) or
recessive (i.e., including as a covariate an indicator for x1).
We used the likelihood ratio statistic as the dissimilarity
measure, and a node was split if the resulting nodes
contained more than 10 persons and if the largest likelihood
ratio statistic was above 2.07, which corresponds to the 85th
percentile of a chi-squared test with 1 df.

Subsequent splits for newly defined nodes were deter-
mined in the same way, including the possible determination
of an association as codominant (i.e., including as a covariate
an indicator for x1 for nodes defined by x1 or x2, or including
as a covariate an indicator for x2 for nodes defined by x2 or
x3). Once the full tree was derived, we fitted a Cox regression
model to the full data to obtain relative hazards using the

described reference group. We identified final nodes by
combining nonreference nodes with similar relative hazards
using the amalgamation procedures described. Kaplan-
Meier survival curves for the final nodes and relative hazards
(RHi) were computed with the reference group coded by i =
0 (i.e., RH0 = 1).

A multivariate relative hazard (RHM) was computed as a
weighted average (based on weights determined by the
percentage of seroconverters (pi) at each final node) of the
RHi’s for all nonreference final nodes (i.e., RHM = Σpi RHi/
Σpi with summations for i > 0). On the basis of both the RHM
and the total percentage with protective genotypes (i.e., Σpi
with summations for i > 0), we computed the multivariate
prevented fraction (PFM) as

Σpi × (1 – RHM) = (1 – p0) × (1 – RHM).

The PFM is interpreted as the proportion of all potential
AIDS cases that were prevented as a result of the studied
AIDS restriction genes. An added feature of our regression
tree approach (in contrast to ordinary multiple regression) is
that the joint effects of the AIDS restriction genes will never
yield a prevented fraction above 1. In addition, if the AIDS
restriction genes are indeed protective (i.e., RHM < 1), the
prevented fraction will be above zero; otherwise, it can take
negative values. Negative values of the prevented fraction
will be indicative of no protection.

A confidence interval for the PFM was obtained using the
delta method for the log of RHM as a function of βi for i > 0.
Specifically,

Var[log RHM] = ΣΣ di dj cij,

where di = piexp(βi)/((1 – p0)RHM) and cij is the covariance
between βi and βj obtained from a Cox regression on the final
nodes. A 95 percent confidence interval for PFM is given by

(1 – p0) × (1 – RHMexp(±1.96[Var(log RHM)]1/2)).

To assess the robustness of the delta method when applied to
our data, we repeated the second stage of the analysis on 100
bootstrap samples (i.e., random sample with replacement from
the 525 seroconverters), allowing the tree to vary with each
bootstrap for all nonreference nodes of the superlocus. We
compared the third and 98th of the 100 ordered PFM’s with the
95 percent confidence interval obtained using the delta
method in the original sample of the 525 seroconverters.

To determine the prevented fraction at different times
since seroconversion and to allow for departures from the
proportional hazards assumption over the full time span, we
performed the final analysis in strata of years of follow-up
defined by 0.0–4.0, 4.1–8.0, and 8.1–12.0 years, with the use
of staggered entries (23) for the last two strata. The 95
percent confidence interval for each stratum was computed
using the delta method as described above.

RESULTS

By the end of study follow-up, 218 (41.5 percent) of the
525 HIV-1 seroconverters had been diagnosed with AIDS
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(table 1) with 49, 128, and 41 diagnoses occurring at ≤4
years, 4.1–8.0 years, and 8.1–12.0 years, respectively. Of the
307 persons not observed to develop AIDS, censored obser-
vations included 20 (6.5 percent) persons who died during
follow-up without an AIDS diagnosis, 16 (5.2 percent) who
were lost to follow-up, and 271 (88.3 percent) who were
AIDS-free as of December 31, 1995. A complete genetic
profile on the six AIDS restriction genes was available for 96
percent of all seroconverters. Twenty-three seroconverters
had missing data on HLA class 1 loci but had complete data
on the other five AIDS restriction genes.

In agreement with previous studies, which prominently
included the data on MACS seroconverters, genotypes that
were expected to delay the onset of AIDS were associated
with protective relative hazards in the univariate analyses
(table 2). Homozygosity at SDF1 (3′A/3′A) was the only
genotype with a statistically significantly (p < 0.05) reduced
hazard of AIDS (RH = 0.24; p = 0.013). Previous investiga-
tors found significant p values in some individual cohorts,
usually conclusively only after combining several studies
(25, 31).

Table 3 shows the results of joint analysis of the
CCR2.CCR5P.CCR5 superlocus. Since only seven persons
had the CCR2-64I/64I genotype, they were combined with
persons who had the CCR2-+/64I genotype, giving us eight
categories in table 3 containing HIV-1 seroconverters. The
presence of categories with no seroconverters was attribut-
able to linkage disequilibrium. Out of all of the categories,
persons with both the CCR5-∆32 polymorphism and the
CCR2-64I polymorphism were the most protected (RH =
0.44), which is consistent with an independent and additive
effect of these two alleles as previously reported (12). Using
the amalgamation procedure described, we created a tree
with three nodes, as indicated by the solid boxes in table 3.
To separate the distinct effects of ~P1/~P1 for the promoter
and the joint effect of CCR5-∆32 and CCR2-64I, we split the
largest node of the amalgamated tree into three nodes, as
indicated by the dashed boxes in table 3.

The five final categories of the superlocus from the first
stage of the analysis formed the first split of the regression
tree (see split A in figure 1). The second stage of the analysis
used standard binary recursive partitioning methodology
with a likelihood ratio statistic greater than 2.07 as the split-

ting criterion. The resulting tree, with eight terminal nodes
depicted in squares along with the Kaplan-Meier curves of
the groups at each split, is shown in figure 1. The Kaplan-
Meier curves corresponding to the split defined by IL10

TABLE 1.   Descriptive data for 525 human immunodeficiency virus type 1 seroconverters from the Multicenter 
AIDS* Cohort Study, 1984–1996

* AIDS, acquired immunodeficiency syndrome; IQR, interquartile range.

Characteristic Median IQR* No. (%)

Date of seroconversion September 1986 April 1985–September 1989

Time (years) between last 
seronegative and first 
seropositive study visit 0.5 0.5–0.6 ≤1 year: 84%; ≤4 years: 95%

Age (years) at seroconversion 33 28–39

Duration (years) of follow-up 6.2 (maximum = 11.5) 4.1–8.6

Diagnosed with AIDS 218 (41.5%)

Died 174 (33.1%)

TABLE 2.   Relative hazard of progression to AIDS* among 525 
human immunodeficiency virus type 1 seroconverters from the 
Multicenter AIDS Cohort Study in univariate analyses, 
according to the possession of six AIDS restriction genes, 
1984–1996

* AIDS, acquired immunodeficiency syndrome; RH, relative hazard; CI,
confidence interval; CCR5, C-C chemokine receptor 5; CCR2, C-C chemokine
receptor 2; CCR5P, C-C chemokine receptor 5 promoter; SDF1, stromal-
derived factor; IL10, interleukin 10; HLA, human leukocyte antigen.

Genotype No. %
% with 
AIDS RH* p value

CCR5*

+/+ 438 83.4 41.3 1

+/∆32 87 16.6 42.5 0.76 0.119

CCR2*

+/+ 421 80.2 42.8 1

+/64I 97 18.5 36.1

64I/64I 7 1.3 42.9 0.77 0.135

CCR5P*

P1/P1 152 29.0 46.7 1

P1/∼P1 265 50.5 41.5 0.94 0.698

∼P1/∼P1 108 20.5 34.3 0.83 0.349

SDF1*

+/+ 344 65.5 41.6 1

+/3′A 163 31.0 44.2 1.05 0.715

3′A/3′A 18 3.4 16.7 0.24 0.013

IL10*

5′A/5′A 37 7.0 54.0 1

+/5′A 210 40.0 44.8 0.89 0.623

+/+ 278 53.0 37.4 0.70 0.148

HLA* homozygosity

2 or 3 27 5.4 44.4 1

1 103 20.5 42.7 0.63 0.153

0 372 74.1 42.2 0.59 0.079

Missing data 23 21.7

}
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diverged over time, supporting later effects (17). The 75
seroconverters with wild-type CCR5, wild-type CCR2, and
the CCR5P1P1 haplotype had the highest hazard rate for
AIDS and comprised the reference group for all subsequent
analyses.

Creation of the regression tree presented in figure 1
resulted in the identification of eight nodes that were not
split further. Although the relative hazards ranged from 0.37
to 0.93, there were some combinations of restriction genes
that were associated with similar risks of AIDS. For
example, the nodes with the most protective relative hazards
consisted of persons with the following combinations of
genotypes: 1) CCR5-∆32 and CCR2-64I (RH = 0.44); 2)
IL10-+/+ in combination with CCR5−∆32 or CCR2-64I
(RH = 0.45); and 3) IL10-+/+ in combination with SDF1-+/
3′A or SDF1-3′A/3′A and CCR5P1/~P1 (RH = 0.37). Nodes
with similar hazards were amalgamated, as indicated by
dashed lines in figure 1, resulting in four final nodes, which
are depicted with hexagons (the reference group and three
groups with one or more protective genotypes). Based on the
prevalence and relative hazard associated with the four final
nodes, the overall prevented fraction was estimated to be
0.296 (95 percent confidence interval (CI): 0.072, 0.467)
(table 4). The prevented fraction corresponding to the eight
nodes of the regression tree in figure 1 before amalgamation
was 0.298 (95 percent CI: 0.074, 0.467), indicating that the
amalgamation procedure had no effect on the summary
measure.

Consonant with the lack of proportionality of hazards
exhibited by the curves for the final nodes in figure 2 (e.g.,
crossing of Kaplan-Meier curves of nodes 0 and 1), the
overall effect of protective genotypes was not constant over
time. We found a strong protective effect within the first 4
years of HIV-1 infection, which diminished considerably
over the course of infection. The prevented fraction
decreased from 0.514 in the first 4 years of infection to 0.144
between 8.1 years and 12.0 years (table 5). The 95 percent
confidence intervals for the prevented fractions at 4.1–8.0
years and 8.1–12.0 years included zero. Node 3, which was
the only category with a consistent protective effect in the
later stages of HIV-1 infection, was also the only category
that included protective genotypes for IL10.

DISCUSSION

In this multivariate analysis carried out among HIV-1
seroconverters participating in the MACS, we determined
that six loci, each of which has a modest effect on the devel-
opment of AIDS when examined in isolation, prevented 30
percent (95 percent CI: 7, 47) of all potential AIDS cases
when examined in combination, relative to the lack of a
protective genotype. The lower 95 percent confidence limit
of 7 percent is consistent with a protective effect for the
combined influence of the studied AIDS restriction genes.
However, the combined effect of the studied AIDS restric-
tion genes was confined to the first 4 years following HIV-1

TABLE 3.   Relative hazard of progression to AIDS* among 525 human immunodeficiency virus type 1 seroconverters 
from the Multicenter AIDS Cohort Study, according to possession of the CCR5,* CCR2,* and CCR5P* genotypes, 1984–
1996†

* AIDS, acquired immunodeficiency syndrome; CCR5, C-C chemokine receptor 5; CCR2, C-C chemokine receptor 2; CCR5P,
C-C chemokine receptor 5 promoter.

† The solid box indicates the results of amalgamation of cells if the likelihood ratio statistic is less than 1.32 (75th percentile of
the chi-squared test with 1 df). The dashed boxes indicate categories used for the analysis.

‡ Categories correspond to genotypes defined by four haplotypes for the CCR2.CCR5P.CCR5 superlocus: [+.P1.+],
[+.P1.∆32], [64I.P1.+], and [+.∼P1.+] (13, 25).

§ Reference category.
¶ Includes seroconverters with the CCR2-+/64I genotype but not the CCR2-64I/64I genotype.

CCR2.CCR5P.CCR5 superlocus‡
CCR5 and CCR2 
genotypes onlyCCR5 

genotype
CCR2 

genotype

CCR5P genotype

P1/P1 P1/∼P1 ∼P1/∼P1

+/+ +/+ 1§ (n = 75) 0.76 (n = 163) 0.60 (n = 108) 1§ (n = 346)

+/∆32 +/+ 0.57 (n = 24) 0.56 (n = 51) (n = 0) 0.74 (n = 75)

+/+ +/64I or 64I /64I 0.56 (n = 41) 0.58 (n = 51)¶ (n = 0) 0.75 (n = 92)

+/∆32 +/64I 0.44 (n = 12) (n = 0) (n = 0) 0.59 (n = 12)
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seroconversion, while an individual effect of IL10 was
evident later.

Previous studies have addressed the issue of the interac-
tion of genetic polymorphisms. Martin et al. (13) reported a
32 percent decreased hazard among persons with protective
genotypes for CCR5 or CCR2 in combination with SDF1 and
a 52 percent elevated hazard among persons who were
homozygous for the CCR5P1 haplotype, in comparison with
the reference group of all other combinations of protective
genotypes. Winkler et al. (15) observed prolonged survival

among persons with protective genotypes for SDF1 and
CCR5 or CCR2 in comparison with those with protective
genotypes for SDF1 alone. Finally, Shin et al. (17) identified
a 38 percent reduced hazard of AIDS among persons with
protective genotypes for CCR5 or CCR2 in combination with
IL10 as compared with those with protective genotypes for
CCR5 or CCR2 only. In a meta-analysis, Ioannidis et al. (18)
reported relative hazards of 0.74, 0.76, and 0.66 for persons
with protective genotypes for CCR5, CCR2, and both,
respectively, compared with persons with wild-type CCR5

FIGURE 1. Regression tree for progression to clinical acquired immunodeficiency syndrome (AIDS) among 525 human immunodeficiency virus
type 1 seroconverters from the Multicenter AIDS Cohort Study, 1984–1996. Nodes with a subsequent split defined by additional AIDS restriction
genes are depicted in circles, and nodes without a subsequent split are depicted in boxes. Splits in the tree are designated A, B, C, and D. Final
nodes resulting from amalgamation (dashed lines) are depicted in hexagons. Information presented for each node includes the genotypes of
AIDS restriction genes that define the node, the number of seroconverters, and (in parentheses) the number of AIDS cases. CCR5, C-C chemo-
kine receptor 5; CCR2, C-C chemokine receptor 2; RH, relative hazard; LRS, likelihood ratio statistic (for the AIDS restriction gene(s) defining a
given split); IL10, interleukin 10; SDF1, stromal-derived factor.
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and CCR2 alleles. The corresponding relative hazards in our
data were 0.74, 0.75, and 0.59, confirming the conclusions
from the meta-analysis.

Prior studies have also indicated that the protective geno-
types affect different stages of HIV-1 infection. Martin et al.
(13) reported an earlier effect (0–5 years) for CCR5P, and

TABLE 4.   Prevented fraction of AIDS* cases conferred by combinations of five AIDS restriction genotypes among 525 human 
immunodeficiency virus type 1 seroconverters from the Multicenter AIDS Cohort Study, 1984–1996†

* AIDS, acquired immunodeficiency syndrome; CCR5, C-C chemokine receptor 5; CCR2, C-C chemokine receptor 2; CCR5P, C-C
chemokine receptor 5 promoter; SDF1, stromal-derived factor; IL10, interleukin 10; RH, relative hazard.

† Boldface type in the table indicates the genotype of the AIDS restriction gene contributing protection in that node. 
‡ Final node from the regression tree shown in figure 1.
§ p value from Cox regression analysis with indicator variables for the nodes conferring protection.

Final 
node‡

No. % with 
AIDS

Genotype % of 
sero-

converters
RH*

p 
value§CCR5* CCR2* CCR5P* SDF1* IL10*

0 75 52 +/+ +/+ P1/P1 14.3 1

+/+

1 134 48 +/+ +/+ P1/∼P1 25.5 0.87 0.511

+/3′A or 3′A /3′A +/5′A or 5′A /5′A

∆32 or 64I P1/∼P1 or P1/P1 +/5′A or 5′A /5′A

2 191 39 36.4 0.65 0.028

+/+ +/+ ∼P1/∼P1

+/+ +/+ P1/∼P1 +/3′A or 3′A /3′A +/+

3 125 33 ∆32 or 64I P1/∼P1 or P1/P1 +/+ 23.8 0.43 <0.001

∆32 and 64I P1/P1

Overall prevented fraction = 0.296 (95% confidence interval: 0.072, 0.467)

{ {
{{

{ {

FIGURE 2. Kaplan-Meier curves (final nodes from the regression tree shown in figure 1 and table 4) for progression to clinical acquired immu-
nodeficiency syndrome (AIDS) among 525 human immunodeficiency virus type 1 (HIV-1) seroconverters from the Multicenter AIDS Cohort
Study, 1984–1996. N, number of seroconverters.
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Shin et al. (17) reported a later effect (>5 years) for IL10.
Winkler et al. (15) reported stronger associations with later
endpoints (i.e., the 1987 definition of AIDS and death) for
the homozygous SDF1 mutation, which is suggestive of later
effects. The overall influence of genetic factors on the devel-
opment of AIDS in our study was observed early in the
course of infection. Of all potential AIDS cases that would
have occurred within the first 4 years of infection (i.e.,
among rapid progressors), 51 percent were prevented by the
genotype of the study participants. The overall prevented
fraction beyond 4 years was substantially reduced and was
not statistically significant (p > 0.05). Consistent with the
previous findings for IL10 (17), the node with the strongest
effect beyond 4 years was node 3, which was also the only
node that included protective genotypes for IL10. The SDF1-
3′A/3′A genotype was only identified in 3.5 percent of sero-
converters, which explains why it did not influence the
overall prevented fraction in later years.

In additional analyses, we allowed the composition of the
regression tree to vary in the three time periods described
above, but the conclusions were unchanged (data not
shown). It is also possible that our follow-up of serocon-
verters was not long enough to capture AIDS cases, given
the median follow-up time of 6.2 years; however, 25 percent
of participants were followed for 8.6 years or longer, with a
maximum of 11.5 years. A more likely explanation is the
emergence of HIV-1 virus populations several years after
infection that were capable of overcoming the resistance
provided by the combined early effect of the AIDS restric-
tion genes.

We used the delta method to compute the standard error of
the prevented fraction. It is easily derived from Cox regres-
sion analysis on the final nodes of the regression tree and
does not require intensive computational methods (e.g.,
bootstrap methods). Furthermore, the 95 percent confidence

interval obtained from the 100 bootstrap samples (95 percent
CI: 0.035, 0.476) was close to the 95 percent confidence
interval of the observed tree prior to amalgamation (95
percent CI: 0.074, 0.467) obtained using the delta method,
with only a slightly reduced lower bound, indicating that the
variability introduced by allowing the tree to vary was not
substantial. The reduced precision resulting from the use of
only 100 bootstrap samples may also explain the slight
discrepancy. Nevertheless, the interpretation of the
prevented fraction and confidence interval obtained using
the delta method is conditional on the final observed tree. It
would be useful to validate the prevented fraction using a
different but similarly HIV-1-infected population.

While we had complete genetic data on 96 percent of the
participants, 23 persons had missing data on HLA class 1
loci, and we were concerned that this explained why HLA
was not included in our final tree. Therefore, we completed
the missing HLA data on these persons based on the
observed HLA data in persons with the same data on the
other five AIDS restriction genes. With the use of standard
multiple imputation methods (32), the magnitude of the
univariate relative hazards for HLA and the composition of
the final regression tree were unchanged (data not shown).
Thus, the null results for HLA are not likely to be explained
by the missing data. We used here a composite of the HLA
data, and it is possible that using specific alleles (e.g., B57
and B35) would have resulted in a refined tree.

An additional concern was the inclusion of seroconverters
with longer lag times (i.e., ≥1 year) between the last HIV-1-
negative and first HIV-1-positive visits (n = 85). The analysis
appropriately accounted for the staggered/late entries of these
persons, though we were also interested in the effect of
confining the analysis to those with shorter lag times and thus
more well-defined dates of seroconversion. The resulting
prevented fraction was 0.339 (95 percent CI: 0.120, 0.505),

TABLE 5.   Change in the prevented fraction of AIDS* cases conferred by AIDS restriction genes over time among 
525 human immunodeficiency virus type 1 seroconverters from the Multicenter AIDS Cohort Study, 1984–1996

* AIDS, acquired immunodeficiency syndrome; RH, relative hazard; PFM, multivariate prevented fraction; CI, confidence
interval.

† Final node from the regression tree shown in figure 1.
‡ Percentage of seroconverters in node.
§ No. of seroconverters at baseline times the value of the node-specific Kaplan-Meier estimate at 4 years in figure 2.
¶ No. of seroconverters at baseline times the value of the node-specific Kaplan-Meier estimate at 8 years in figure 2.

Final node†

Time interval (years) after seroconversion

≤4.0 4.1–8.0 8.1–12.0

No. p‡ (%) RH* No.§ p‡ (%) RH No.¶ p‡ (%) RH

0 75 14.3 1 60 12.7 1 33 11.3 1

1 134 25.5 0.59 117 24.9 1.03 58 20.1 1.04

2 191 36.4 0.40 175 37.0 0.74 111 38.6 0.94

3 125 23.8 0.19 120 25.4 0.54 87 30.0 0.57

Overall 525 100.0 0.40 472 100.0 0.77 288 100.0 0.84

PFM* 0.514 (95% CI*: 0.247, 0.686) 0.204 (95% CI: –0.189, 0.467) 0.144 (95% CI: –0.934, 0.621)
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suggesting that the analysis based on the full data set incorpo-
rated some random error, resulting in a prevented fraction
closer to zero. Since the estimates were relatively close, we
chose to present the results for the complete data set.

As the field of host genetics and AIDS evolves, evaluation
of the interactions between identified AIDS restriction genes
becomes increasingly complex. Our approach provides a
more comprehensive analysis resulting in the estimation of
an easily interpretable summary measure: the prevented
fraction. We also introduced an easily implemented method
of calculating a confidence interval for this measure. This
measure is particularly relevant for this field, since it incor-
porates both the strength of the association and the preva-
lence of a particular combination of AIDS restriction genes.
Note that the prevented fraction is only generalizable to
populations with a similar prevalence of restriction genes.
Nevertheless, using the relative hazards reported here, which
are expected to be internally valid, one can estimate the
prevented fraction for a population with a different preva-
lence of AIDS restriction genes.

In summary, we have presented a novel use of multivari-
able methods for examining the influence of genetic factors
on the progression of HIV-1 infection to AIDS in a well-
characterized cohort of HIV-1 seroconverters. As additional
AIDS restriction genes are identified, the prevented fraction
can be expected to increase. Despite the considerable
proportion of cases averted as a result of AIDS restriction
genes, the majority of potential cases (≥70 percent) were not
affected. This highlights the need to continue searching for
additional genetic modifiers of the survival of HIV-1-
infected persons.
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